Endovascular aneurysm repair (EVAR) reduces rupture risk and results in lower postoperative mortality and morbidity rates as well as a shorter convalescence compared with open surgical repair. [1] [2] [3] Consequently, EVAR has become the treatment of choice at many centers for patients with an abdominal aortic aneurysm (AAA) and has outnumbered open surgical repair 2.5 to 1. 4 Despite the well-established clinical benefits of EVAR and the availability of six United States (U.S.) Food and Drug Administration-approved devices in the U.S., the utility of endovascular technology remains limited. [5] [6] [7] [8] [9] [10] Even today, up to 50% of patients who are considered for EVAR are ultimately denied treatment due to challenging aortoiliac anatomy such as short and complex proximal aortic neck seal zones and narrow access vessels. [11] [12] [13] [14] [15] [16] [17] Furthermore, late complications after EVAR, including stent graft migration and loss of seal at the proximal aortic neck, remain a concern, particularly those that mandate secondary interventions or conversion to open repair. Hence, there remains a clinical need for continued advances in stent graft technology that can accommodate a wider range of aortoiliac morphology and offer a durable solution to AAA exclusion.
The Ovation Abdominal Stent Graft System (TriVascular Inc, Santa Rosa, Calif) is a new device that is designed to overcome the limitations of currently available stent grafts and can accommodate a broad range of aortoiliac characteristics, navigate through complex iliac and femoral access, and provide a seal in complex proximal infrarenal aortic neck morphology. The purpose of this prospective, international, multicenter clinical study was to evaluate the safety and effectiveness of the Ovation stent graft for treatment of AAA.
METHODS
Ethics. All research procedures performed in this study were in strict accordance with a common, predefined protocol that was prospectively registered at Clinical Trials.gov as NCT01092117 (U.S.), NCT01097772 (Germany), and NCT01082185 (Chile). The investigational protocol and informed consent form were approved by an Institutional Review Board or Ethics Committee, and all study participants gave written informed consent before study participation.
Patients. This prospective, single-arm, multicenter trial enrolled 161 patients from 36 sites in the U.S., Germany, and Chile ( Supplementary Table I Complete inclusion and exclusion criteria are presented in Supplementary Table II (online only) .
Preprocedural evaluation. Participants were consecutively evaluated for study eligibility. Patients who met all study entry criteria were evaluated for demographic information and medical history and underwent a physical examination, laboratory testing, and contrast-enhanced spiral abdominal/pelvic computed tomography (CT) imaging.
Device description. The Ovation stent graft was designed to overcome the limitations of previous stent grafts by accommodating a broader range of aortoiliac anatomy with a low-profile 14F outer diameter (OD) delivery system and a proximal aortic neck seal mechanism designed to conform to and accommodate the aortic neck. The Ovation stent graft is characterized by a trimodular design, with the aortic body delivered by a flexible hydrophilic-coated 14F OD catheter, the smallest profile of any currently commercially available stent graft (Fig 1) . The aortic body consists of a low-permeability polytetrafluoroethylene (PTFE) graft and a suprarenal nitinol stent with integral anchors to achieve active fixation to the aortic wall.
The aortic body contains a network of inflatable channels and sealing rings that are filled during deployment with a low-viscosity, radiopaque fill polymer that cures in situ to create a conformable seal to the patient's aortic neck. The Ovation iliac limbs consist of highly flexible nitinol stents encapsulated in low-permeability PTFE that are packaged in low-profile 13F to 14F OD delivery systems. Examples of typical pre-to-post radiographic findings with the Ovation stent graft are provided in Figs 2 and 3.
Procedure. The EVAR procedure steps include femoral artery cutdown or percutaneous approach. Both techniques were left up to the discretion of the operator. Subsequent to bilateral femoral access, the trimodular stent graft is delivered and deployed from the ipsilateral side in three stages, which include unsheathing the main body, deploying the suprarenal bare-metal stent, and engaging the polymer, which is prepared on the back table and engaged through an automated plunger and exerts 1 atmosphere of pressure to be delivered into and expand the stent graft main body rings that subsequently conform to the aortic neck. The iliac rings along the main body provide support for the ipsilateral and contralateral iliac extensions.
Follow-up schedule. Patients were monitored through hospital discharge and returned for follow-up visits at 1 month, 6 months, and annually thereafter through 5 years. At each visit, patients underwent a physical examination, laboratory testing, contrast-enhanced spiral abdominal/ pelvic CT (not performed at discharge), and four-view X ray imaging.
Outcomes. Safety outcomes included Clinical Events Committee (CEC) adjudicated major adverse events (MAEs), serious adverse events (SAEs), and mortality (all-cause and AAA-related). The primary safety end point was the incidence of MAEs through 30 days, defined as death, myocardial infarction, stroke, renal failure, respiratory failure, paraplegia, bowel ischemia, or procedural blood loss $1000 mL. AAA-related mortality was defined as death due to AAA rupture, due to any procedure intended to treat the AAA, #30 days of any procedure intended to treat the AAA, or any in-hospital death if hospitalization was >30 days. An SAE was defined as any event that was fatal, life-threatening, required prolonged hospitalization (>48 hours), was a persistent or significant disability or incapacity, or was considered an important medical event.
Measures of device effectiveness included technical success (successful delivery and deployment of the aortic body and both iliac limbs), imaging core laboratory assessments of endoleak, stent graft migration, AAA enlargement, and stent fracture, as well as site-reported assessments of aortic main body stenosis, AAA rupture, AAA-related secondary intervention, and conversion to open surgery. The primary effectiveness end point was the proportion of patients who experienced treatment success at 1 year, which was defined as technical success and freedom from all of the following: type I and III endoleak at 1 year, stent graft migration (defined as evidence of proximal or distal movement of the stent graft >10 mm relative to fixed anatomic landmarks compared with the 1-month CT scan) at 1 year, and AAA enlargement at 1 year (defined as a >5-mm AAA diameter increase compared with the AAA diameter on the 1-month CT scan), all as confirmed by the core imaging laboratory; AAA rupture through 1 year; and conversion to open surgery through 1 year.
Data quality. All research procedures followed a common protocol, and each site received thorough and consistent device and protocol training. All data were recorded on case report forms using an electronic data capture system (Phase Forward Inc, Waltham, Mass) and monitored for accuracy by TriVascular Inc. An independent imaging core laboratory (M2S Inc, West Lebanon, NH) analyzed all preoperative and postoperative CT scans and radiographs. A CEC reviewed and adjudicated all device-related adverse events and SAEs and classified MAEs. Adverse events were categorized using the Medical Dictionary for Regulatory Activities. An independent Data and Safety Monitoring Board (Axio Research Acquisition Co, LLC, Seattle, Wash) regularly monitored the progress of the trial.
Hypotheses. The primary safety hypothesis was tested by comparing the 30-day incidence of MAEs in patients treated with the Ovation stent graft to a predefined target performance goal of 21%. The primary effectiveness hypothesis was tested by comparing the 1-year composite treatment success rate in patients treated with the Ovation stent graft to a predefined target performance goal of 80%.
Statistical analysis. Statistical tests for main study outcomes were prespecified in a statistical analysis plan. Continuous variables are reported as mean 6 standard deviation or median, depending on normality assumptions. Categoric variables are presented as number (%). The safety and effectiveness hypotheses were each tested by calculating a one-sided 95% confidence limit using the Wilson method 18 and then comparing with the target performance goal. All safety outcomes that identified #365 days of endovascular AAA treatment were included in the analysis. All imaging data attained through the 1-year follow-up visit, which conservatively included images taken through 18 months to account for late follow-up visits, were analyzed and included in this report. Patients with readable imaging during each respective follow-up interval were included in the denominator for relevant effectiveness end points. Data were analyzed by an independent statistician using SAS 9.2 software (SAS Institute Inc, Cary, NC). Details regarding the patient inclusion and exclusion criteria, procedure details, and all investigators and sites are presented in the Supplementary materials (available online).
RESULTS
Patient accountability. A total of 92 screened patients were deemed ineligible for participation in the study based on inclusion or exclusion criteria. The most common causes of screening failures were presence of significant aortic neck angulation, aortic neck length of <7 mm, and aortic neck diameter of <16 mm or >30 mm. A total of 161 patients who met eligibility criteria were enrolled and underwent EVAR with the Ovation stent graft. Enrollment included 111 patients from 28 sites in the U.S., 30 patients from seven sites in Germany, and 20 patients from one site in Chile. Through 1 year, four patients died, four patients withdrew, and one patient was lost to follow-up. Complete 1-year follow-up data were available for all other patients.
Baseline characteristics. Baseline patient characteristics are presented in Table I . Of the 161 study participants, 141 (88%) were men, mean age was 73 years (range, 54-95 years), and mean maximal AAA diameter was 5.4 cm. Comorbidities included hypertension (85%), hyperlipidemia (70%), smoking (70%), coronary artery disease (45%), chronic obstructive pulmonary disease (27%), peripheral vascular disease (24%), diabetes mellitus (21%), and chronic renal insufficiency (14%). During this study, aortoiliac morphology was present in 39% of patients that fell outside of the indications for use of any currently FDA-approved stent grafts available in the U.S., including 25 patients with proximal aortic neck length <10 mm and 50 patients with minimum access vessel diameter of <6 mm. Twelve patients presented with both proximal aortic neck length of <10 mm and minimum access vessel diameter of <6 mm. The inclusion criteria included patients with maximum AAA diameter that was >1.5 times the transverse dimensions of an adjacent nonaneurysmal aorta; three patients in the study met this criterion and had maximum AAA diameters of between 3.8 and 4.0 cm. (Table II) . Totally percutaneous access was used in 69 patients (43%). The mean procedural-related blood loss was 150 mL, and the median hospitalization was 1 day.
Safety outcomes. The 30-day MAE rate, the primary safety end point of the study, was 3%, with an upper-bound 95% confidence interval of 5%. The 30-day MAE rate was significantly lower than the 21% target performance goal. The MAE rate through 1 year was 6% (Fig 4) . There were no device-related MAEs based on CEC-adjudicated data through 1 year. AAA-related mortality through 1 year was 1%. All-cause mortality through 1 year was 3%. Causes of death included disseminated intravascular coagulation and abdominal sepsis (day 17), respiratory failure (day 95), multiple organ failure (day 178), and suspected thoracoabdominal aneurysm rupture (day 359; Table III ).
The one 30-day death occurred in a 76-year-old patient in whom an unanticipated adverse device effect occurred, which was reported to the FDA. During the procedure, the fill tube that injects the fill material into the aortic body stent graft had become disconnected, and the fill material was injected intravascularly. The patient showed signs of anaphylactoid response during the procedure and was treated and stabilized before the EVAR procedure was completed, with adequate aneurysm exclusion. The patient was subsequently transferred to the intensive care unit and treated for multisystem organ failure. On postoperative day 16, patient returned to the operating room and underwent subtotal colectomy for a perforated bowel. The following day, patient died of multisystem organ failure and disseminated intravascular coagulopathy.
A thorough root cause analysis was launched, and the evaluation identified a defective molded polycarbonate component (distal stop) that allowed the port for the fill material to prematurely disconnect from the aortic stent graft main body catheter. The distal stop provides a component "lock" to maintain connection of the fill port to the fill tube during fill material injection. Investigation of the delivery catheter confirmed that this component was fractured, which could have led to less force required to inadvertently disconnect the fill tube. TriVascular worked with the FDA in taking appropriate steps to modify the distal stop, which then was tested by simulated use to verify the modifications met the specifications and requirements. Furthermore, protocol, informed consent, and instructions for use modifications were implemented, including the exclusion criteria of a known allergy to polyethylene glycol-based polymers, before the trial was continued.
Effectiveness outcomes. The 1-year treatment success rate, the primary effectiveness end point of the study, was 99% with a lower-bound 95% confidence interval of 97%. All patients were followed up for a minimum of 1 year. The 1-year treatment success rate was significantly higher than the 80% target performance goal. The imaging core laboratory reported no type I, III, or IV endoleaks or stent graft migration. AAA enlargement was identified by the imaging core laboratory in one patient (1%) at the 1-year follow-up (Table IV) , but the site reported no AAA enlargement. Type II endoleak was identified in 49 patients (34%) at 1 year. Site-reported type I endoleaks were identified in three patients (2%), but the core laboratory did not identify any of these endoleaks as type I. Stent fractures were identified in four patients (3%) at 1 year, none of which findings, including type I endoleaks (three), type II endoleaks (three), aortic main body stenosis (three), and iliac limb stenosis or occlusion (three). One patient underwent a secondary procedure to resolve two findings (type Ia endoleak and aortic main body stenosis). In a second patient, two secondary procedures were performed, one to resolve a type Ia endoleak and another to resolve a type Ib endoleak (Table V) .
Post hoc analyses. Post hoc exploratory analyses of the primary study end points and AAA-related secondary procedures were conducted based on the presence or absence of challenging aortoiliac anatomy and based on access method. Challenging aortoiliac anatomy was defined as at least one access vessel of <6 mm in diameter or proximal neck length of <10 mm, or both, based on the imaging core laboratory measurement. Overall, 63 of 161 patients (39%) met these criteria. Of these, 39 (24%) had maximum iliac diameter of <6 mm only, 13 (8%) had an aortic neck length of <10 mm, and 11 (7%) had an iliac diameter of <6 mm and an aortic neck length of <10 mm. Of the 50 patients with iliac diameter <6 mm, 14 (28%) were women.
MAE rates through 30 days were comparable (P ¼ .16) in patients with challenging anatomy (0% [zero of 63]) compared with those with typical anatomy (4% [four of 98]). All patients with challenging anatomy achieved treatment success. AAA-related secondary procedures were comparable and performed in 3% (two of 63) of patients with challenging anatomy compared with 8% (eight of 98) of those with typical anatomy (P ¼ .32). Access was achieved by cutdown in 92 patients (57%) and was totally percutaneous in 69 (43%). Overall, clinical outcomes in these subgroups were comparable, including MAE (5.4% vs 7.2%) and treatment success (99% vs 100%), for cutdown and percutaneous access, respectively, with a slight advantage with percutaneous access for shorter anesthesia time (191 vs 149 minutes), shorter procedure time (118 vs 98 minutes), and shorter median hospitalization (2 vs 1 days). Major blood loss ($1000 mL) occurred in 2.0% (two of 98) of patients with cutdown. No (zero of 63) major blood loss was observed in patients with percutaneous access.
DISCUSSION
With the advent of EVAR, stent graft technology has evolved substantially over the past 2 decades. Most would agree that based on our current understanding, the ideal stent graft would go beyond the currently available devices in having the ability to accommodate the aortic neck for seal and provide fixation that can withstand the aortic forces and prevent migration and endoleaks. It would also have the ability for controlled, accurate positioning and deployment, and a low profile that could navigate through access vessels with significant tortuosity and calcifications and reduce device-related complications.
The Ovation stent graft is characterized by a trimodular design, with the aortic body composed of a low-permeability PTFE graft with a suprarenal nitinol stent with anchors that provide active fixation. Unlike the previous stent grafts, the Ovation aortic body contains a network of inflatable sealing rings and channels that are filled with a low-viscosity radiopaque polymer during stent graft deployment. As the polymer cures in situ, it conforms to aortic necks of various shapes and provides proximal stent graft seal. The Ovation main body is delivered through a flexible hydrophiliccoated 14F OD catheter, the smallest profile of any currently commercially available stent graft. The Ovation iliac limbs are composed of highly flexible nitinol stents encapsulated in low-permeability PTFE that are packaged in low-profile 13F to 14F OD delivery systems that allow access in iliac arteries as small as 4.7 mm. With these design characteristics, during the pivotal trial, the Ovation stent graft was implanted successfully in 100% of patients, and nearly 50% were treated percutaneously, without any access failures, type I or III endoleaks, stent graft migration, explant, or aneurysm rupture. Furthermore, at 1 year, the primary effectiveness end point of the study was achieved in 99% of the patients, with limited MAEs.
EVAR with the Ovation stent graft results in favorable outcomes compared with open surgery. The 1-year results of this study suggest favorable outcomes vs those reported for open surgery for several key variables, 7 including allcause mortality (3% vs 8%), AAA-related mortality (0.6% vs 3%), and, most notably, MAEs (6% vs 58%). These results with the Ovation stent graft also compare favorably with results of currently marketed stent grafts. In addition to 100% technical success, 1-year outcomes included only a 0.6% AAA-related mortality rate and a 0.6% AAA enlargement rate. With currently marketed stent grafts, technical success ranged from 97% to 100%, 1-year AAA-related mortality rate was 0% to 2%, and 1-year complication rates were 0% to 3% for type I endoleak, 0% to 7% for AAA enlargement, 0% to 2% for device migration, 0% to 1% for AAA rupture, and 0% to 2% for conversion to surgery. [19] [20] [21] [22] [23] The results of the current study also indicate that 39% of patients presented with aortoiliac anatomy that would be difficult to treat with currently available stent grafts. 24, 25 Furthermore, safety and effectiveness outcomes were equally favorable in patients with typical or challenging anatomy.
One of the most common reasons for EVAR ineligibility is related to access. The Ovation stent graft accommodates access in w90% of men and 70% of women with AAA, based on data from the Characterization of Human Aortic Anatomy Project. 26 In comparison, the minimum iliac diameter that can be accommodated with many other stent grafts is 6 mm, which allows access in only w70% of men and 40% of women. Even in patients with challenging anatomy, the Ovation stent graft yielded excellent results, including 100% technical success, 97% freedom from MAEs through 1 year, and 3.2% freedom from MAEs with AAA-related secondary procedures. The Ovation stent graft has the ability to treat a wider range of patients compared with other stent grafts, especially those with narrow access vessels and short proximal necks, without sacrificing patient safety or device effectiveness.
Type II endoleaks were identified in 34% of patients at the 1-year follow-up visit. This endoleak rate, although higher than anticipated, is within the typically reported range 27 and may be partly due to the stringent CT protocol that recommended a maximum slice thickness of 2 mm. The median type II endoleak volume at 1 year was only 1 mL. For comparison, the mean volume of type II endoleaks that undergo intervention is 7 mL, whereas those that require no intervention average 4 mL. 28 Given the positive relationship between endoleak volume and aneurysm wall pressure, 29 these small type II endoleaks may portend a benign clinical course. The long-term trajectory of these endoleaks will be monitored and remains to be determined as patients undergo regular surveillance annually for 5 years under the study protocol.
The strengths of this trial included a large sample size, excellent generalizability attributable to enrollment at 36 sites in three countries, and stringent data collection, monitoring, and review methods following a common prospective protocol.
This study also had several limitations worth noting. First, this was a noncontrolled study, and therefore, comparative performance of the Ovation stent graft with alternative AAA treatments cannot be directly evaluated. Second, that women comprised 20 of 161 enrolled patients (12%) and that the mean maximum aneurysm diameter was 5.4 cm may be viewed as a limitation and may have biased the results in a favorable manner. A final study limitation is that the durability of the Ovation stent graft is not yet established beyond 1 year. Additional study will be required to elucidate long-term outcomes.
CONCLUSIONS
The 1-year outcomes with the Ovation stent graft are promising, with excellent demonstrated safety and effectiveness in patients with AAA. These results were similarly remarkable in patients with challenging anatomic characteristics who would be ineligible for treatment with other approved stent grafts. The Ovation stent graft may help to expand the patient population eligible for Additional material for this article may be found online at www.jvascsurg.org.
SUPPLEMENTARY METHODS (online only).
Ovation endovascular aneurysm repair (EVAR) Procedural details. The endovascular procedures were performed in a dedicated surgical-angiography suite. Patients were routinely heparinized before the procedure. The Ovation stent graft was inserted using a bilateral transfemoral approach in all cases. The first step consisted of bilateral positioning of a 0.035-inch guidewire for the insertion of two 8F short introducer sheaths. A 5F pigtail catheter was then positioned immediately above the renal artery ostia, and intraoperative angiography was performed.
The stent graft delivery system was advanced contralaterally with the support of a 180-cm Amplatz stiff guidewire (Cook Medical, Bloomington, Ind). A craniocaudal projection was performed to identify the proximal radiopaque markers in the landing zone. The aortic body was then deployed using stent release knobs on the handle.
The fill polymer was mixed inside a dedicated kit by alternately depressing the two-syringe plunger for approximately 15 strokes. Next, the full syringe was connected to the fill polymer injection port on the catheter handle and the syringe plunger was injected into an auto injector that warmed and applied controlled pressure to the polymer to fill the ring network. After the fill polymer solidified within the sealing rings, the aortic body delivery catheter was disengaged from the fill polymer injection port and withdrawn from the vasculature.
The contralateral and ipsilateral iliac limbs were each deployed through iliac limb delivery catheters. A 180-cm Amplatz stiff wire was passed from the contralateral access site into the contralateral distal leg of the aortic body. The contralateral iliac limb was then advanced into position and deployed. The ipsilateral iliac limb delivery catheter was advanced over the guidewire and deployed.
After the procedure, anticoagulation was routinely antagonized with protamine sulfate.
